During the terminal differentiation of lens fiber cells, nuclear DNA is known to accumulate free 3'-OH ends and is progressively lost from the nucleus. Toward the end of this process, nuclei undergo pycnosis and disappear. The size of the DNA in the epithelia and in early and late stages of fiber cell development was examined by electrophoresis on nondenaturing agarose/polyacrylamide gels. Low molecular weight DNA of discrete sizes appears only at the final stages of nuclear degeneration in central fiber cells and persists after the disappearance of the nuclei. These low molecular weight DNA fragments appear as multiples of a monomeric unit and are similar to the fragments produced by the digestion of epithelial cell nuclei by micrococcal nuclease. The data indicate that in lens fiber nuclei the double-strand breaks in vivo affect the chromatin during nuclear degeneration, and the data suggest that the DNA of these cells is organized into chromatin composed of discrete subunits. After 4 days of chick embryogenesis the primitive lens of the eye is already formed as an autonomous organ system which is topographically subdivided into actively proliferating lens epithelium and nondividing lens fibers (1). Throughout the subsequent development some of the peripheral epithelial cells stop dividing and become protodifferentiated fibers giving rise to the annular pad (2-4) that joins the lens fiber area along its equator. Annular pad cells are continuously engulfed by the fiber area so that the latter population grows in cell number (4). Thus, the youngest fiber cells are located at the periphery and the oldest are in the center along the optical axis (3, 4). At 8 days of embryonic life the central fiber cell nuclei begin to undergo pycnosis and degenerate, and subsequently they disappear (3). This phenomenon progressively affects increasing numbers of fiber cells in a cylindrically symmetrical fashion (3, 4). At 13 days 1% of fiber cells contain pycnotic nuclei (S. P. Modak, unpublished data), and these progressively disappear while more peripheral fiber nuclei repeat the process (3). By the time the embryo hatches, slightly over half of the fiber mass contains nonnucleated cells.
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During their differentiation, fiber cell nuclei lose DNA (3), and this has been correlated to increased appearance and accumulation of free 3'-OH ends in the DNA that act as initiators for terminal deoxynucleotidyl transferase, indicating extensive strand scission (5-7). The highest numbers of strand breaks were associated with DNA in the most advanced stages of nuclear pycnosis (5) (6) (7) (8) . That the DNA in fiber cell nuclei degrades, as indicated by our cytoenzymological studies (5) (6) (7) (8) , has been confirmed by sedimentation on alkaline sucrose gradients of lysates of double-labeled epithelial explants differentiating in vitro (9) . However, nothing is known about the mode of participation of single-and double-strand breaks, nor is it known whether the breaks occur in chromatin randomly or at specific sites.
In this paper we describe results of experiments designed to achieve an understanding of this process at the molecular level. (10) or culture medium (Eagle's minimal essential medium + 15% chicken serum) and dissected in batches of 10 to 15. The lens capsules with adhering epithelia were removed with tungsten needles. The fiber masses were rinsed into solution A (per liter: 85.7 g of sucrose, 0.2 g of KCI, 1.0 g of glucose, 1.0 g of NaHCO3, 0.05 g of NaH2PO4) and individually placed on a glass petri dish. The excess solution was removed and the masses were immediately frozen on solid CO2. The center of each lens was punched out with an 18-gauge hypodermic needle cut perpendicular to its long axis and sharpened from its outside surface. This punch produced a section of fiber tissue 1 mm in diameter cylindrically symmetrical about the optical axis. These tissue sections (CF) and the remaining fiber mass (PF) were then immediately refrozen in solution A. Occasionally these sections were refrozen in culture medium. The results from the two methods of storage were the same. It was found important to store the dissected tissues in a very small volume of storage medium, because during the thawing procedure some of the low-Mr DNA is released in the supernatant and lost if the latter is discarded. The EP was scraped from the lens capsules and similarly frozen on CO2. All samples were then stored in a liquid N2 vapor freezer at -1400 until needed.
Sample Preparation. Tissue was thawed at 40 and combined in a Dounce homogenizer in solution A and EDTA (0.05-0.1 M), sodium dodecyl sulfate (1-2%), and proteinase K (200-400
The costs of publication of this article were defrayed in part by the payment of page charges This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (11) were made in slabs (12 X 12.5 X 0.25 cm) using Tris/acetate buffer (40 mM Tris/20 mM Na acetate/2 mM EDTA, pH 7.8, adjusted with acetic acid). Electrophoresis was carried out at 80 V. In the case of whole cell lysates and with some phenol-extracted samples, gels were treated with 250 ml of RNase A (25,ug/ml, 370, 30 min) prior to staining. Gels were stained in ethidium bromide (2 ,4g/ml, 20 min) and photographed, using UV transillumination and Polaroid film (type 107 C for positives) and Kodak film (no 6142) for negatives.
Digestion of EP Nuclei with Micrococcal Nuclease. EP nuclei were prepared and digested with micrococcal nuclease by a modification of the method of Marshall and Burgoyne (12) . EP (15-day, derived from 90 to 120 lenses) was thawed and combined in a 2-ml homogenizer in solution A on ice and centrifuged (1500 rpm, 10 min, 40, MSE clinical centrifuge).
The pellet was resuspended in 1 ml of buffer Al (12) . The tissue was homogenized with three strokes of the pestle and the nuclei were pelleted (2000 rpm at 40, 5 min). Pellets were resuspended in 1 ml of buffer A4 (12) Aliquots (20,l) were taken at various times and lysed immediately by adding them to mini centrifuge tubes (400-Ml volume) containing 2,gl of EDTA (0.5 M), 2 Al of proteinase K (1 mg/ml), and 1,ul of sodium dodecyl sulfate (10%) and digested (1 hr, 37) . Sucrose was added to 10% and the samples were loaded onto a gel, run, and processed as before.
Molecular Weight Estimations. Gels were calibrated by running digests of simian virus 40 (SV40) DNA with HindIII or Alu I restriction enzymes as markers. SV40 DNA was a gift from P. Beard and G. Carmichael. The HindIII and Alu restriction enzymes were obtained from New England Biolabs (Waverly, MA). The reactions were stopped by either sodium dodecyl sulfate or EDTA and these marker solutions were stored in the freezer (-200). Because we do not claim to know exact molecular weights and the exact amount of DNA in lens tissue samples, we placed the marker DNA in wells adjacent to sample tracks. The uncertainty introduced into the measurements by this method is on the order of 1-2% (as determined by running alternate marker and sample wells and determining the variation in migration of bands between marker wells). So for each gel all marker tracks were plotted as log (band Mr) versus migration (in cm from the origin), and the points were fit with a least square line. This line was used to interpolate molecular weights and number of base pairs of average Mr 652 for bands in the sample tracks.
RESULTS
The nondividing lens fiber cell population grows centripetally by addition of annular pad cells at the periphery. The oldest fiber cells are always situated at the center. Analysis of CF cells during the development would thus allow understanding of biochemical processes affecting the genome during the terminal differentiation, i.e., prior to, during, and after the nuclear degeneration and disappearance. Fig. 1 illustrates a 19-day embryonic lens sectioned parallel to the optical axis. The topography of CF, PF, and EP cells is shown. Lens cells are mononucleate and we have only depicted the general morphology and localization of nuclei in different lens regions. At 19 days the CF region consists of anucleate fiber cells while the PF section is made up of the complete spectrum of fiber cell types, from new cells at the outermost edge to middle fibers with elongated nuclei and cells having pycnotic nuclei (spindleshaped and small dark nuclei). The outer lens surface is layered with EP consisting of cells from both epithelium and the annular pad.
We have obtained migration of DNA from EP, PF, and CF by loading whole cell lysates and phenol-extracted, RNase A-treated samples on gels. With whole cell lysates, technical problems arose, such as sample aggregation at the origin, appearance of opacity during exposure to UV light, etc. Subsequently we used phenol-extracted samples. This procedure eradicated both of these problems. The general result using the two methods is the same: at later stages of differentiation (15-21 days) in the CF region we see some DNA at high molecular weights (>10,000 base pairs) and some DNA at low molecular weights (100-900 base pairs) (Fig. 2) . The low-Mr DNA is grouped into at least four classes (Fig. 2 B and C) , resembling in some respects the monomer through tetramer pattern obtained by treating chromatin (15) or nuclei (16) with micrococcal nuclease. The low-Mr bands are not detectable in the 8-and 13-day fibers (Fig. 2B) as analyzed here and in all PF ( Fig.  2A) and Ep (not shown) sections studied. With this general pattern seen in both whole cell lysates and in phenol-extracted material, the results from the two methods of analysis differ in detail. Fig. 2 A-C provides examples of these points. Fig. 2 shows DNA from CF and PF regions from 13-, 15-, 17-, and 19-day lenses electrophoresed as whole cell lysates and as phenol-extracted DNA. In Fig. 3 we show microdensitometer scans of the negatives of electrophoretograms shown in Fig. 2 B and C. (Because the scans are taken from different gels the absolute migrations cannot be compared.) Notice that there are at least four bands in each gel and that the band morphology is highly variable in CF whole cell lysates (Fig. 2B) but not in phenol-extracted samples (Fig. 2C) .
We have assigned molecular weights to each peak of Fig. 3 and all other samples run, as described in Methods. These numbers are converted to base pairs and given in Table 1 We digested EP nuclei with micrococcal nuclease and examined the sizes of DNA obtained on gels. Fig. 4 represents a summary of these experiments. The scans of the time points are shown in Fig. 4 . We should point out that there is no digestion of the EP DNA detectable by this method unless enzyme is added to the reaction mixture with EP nuclei (data not shown). In the inset of Fig. 4 Molecular weights of DNA molecules present in various samples were determined by calibrating each gel run (see Fig. 2 ) with DNA fragments of known molecular weight. The migration distances of SV40 restriction fragments were measured from the microdensitometer scan of the gel negative (Fig. 3) . The data were plotted as log (base pairs) calculated assuming length of intact SV40 DNA as 5200 base pairs versus migration distance from origin. The points were fit by a least squares straight line and the migrations of the unknown bands were interpolated to give the molecular weights of the DNAs. 1X), dimer (2X), trimer (3X), and tetramer (4X). Because samples were not run on the same gel, the size determinations were carried out separately, using SV40 DNA Alu or HindIII restriction fragments described in Fig. 2. change in band position as incubation progressed (data not shown). Thus, the bands we observe from 15 (Fig. 4 inset) . The apparent discrepancy may be due to the fact that, although CF cells are ontogenetically related to EP (1) (2) (3) (4) , the latter population is heterogenous and composed of cells in different phases of the cell cycle (2) and with different levels of transcriptional activity (18) . So (12, (15) (16) (17) (19) (20) (21) .
Finally, the data presented here represent direct evidence that during nuclear degeneration in these cells double-strand breaks affect the DNA. Initially, the nuclear degeneration occurs in the CF and as the nuclei disappear the phenomenon affects younger cells centripetally (3, 4) . Thus we would expect to find low-Mr DNA in PFs with increasing embryonic age. In practice, however, we do not ( Fig. 2A) , almost certainly because in PF the degenerating nuclei constitute a very small proportion of the total. Recently, we have fractionated PF into middle fibers (immediately adjacent to CF) and the outer fibers, and we find low-Mr DNA of the size distribution described in this manuscript in middle fibers at stages corresponding to those when nuclear degeneration occurs in these cells (S. P. Modak, unpublished results). On the other hand, the significance of our finding that some high-Mr DNA persists in CF after the loss of nuclei is intriguing and needs further investigation.
Earlier, we have shown that, during nuclear degeneration in lens fibers, the primer activity of DNA for exogenous calf thymus DNA polymerase (7, 8) and terminal deoxynucleotidyl transferase (5-7) increases; these results were considered to be strongly indicative of extensive strand scission (5-7). The present data give a biochemical proof to that assertion. However, it is not yet clear whether the low-Mr DNA fragments are produced by direct double-strand breaks or as a consequence of overlapping single-strand breaks. From our cytoenzymological studies (5) (6) (7) (8) we also concluded that, well before the onset of nuclear degeneration, differentiating fiber cell nuclei accumulate free 3'-OH ends in their DNA. However, it is not yet clear whether the DNA breaks appear randomly or at specific sites. Experiments using alkaline gel electrophoresis (22) may provide answers to some of these questions.
Note Added in Proof. The double-and single-strand size of DNA from 19-day CF was determined by two-dimensional electrophoresis in horizontal 1.6% agarose slab gels (S. P. Modak, unpublished), using Tris/acetate (11) and NaOH/EDTA (22) buffers, respectively, in the first and second dimensions. We found that single-strand breaks occur between nucleosomes in high-Mr chromatin (>10,000 bp), and some of these convert into double-strand breaks, giving rise to the monomerthrough pentamer-size DNA fragments. Similar results are obtained for chick embryo liver chromatin digested with micrococcal nuclease (S. P. Modak, unpublished data).
